DWDM CATV Return System With Up-Converters To Prevent Fiber Crosstalk 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application is a continuation of U.S. provisional application 60/135,609, filed May 24, 
1999, which is hereby incorporated in whole by reference. 

FIELD OF THE INVENTION 

The invention is related to the field of broadband hybrid fiber cable communication systems 
such as cable television systems and is most closely related to laser optical communication links for 
return signals in such systems using dense wavelength division multiplexing. 

BACKGROUND OF THE INVENTION 

Commonly in cable television systems (CATV), television programs are broadcast from a 
central head-end to a multitude of customers. The programs are distributed from the head-end 
through an branching tree-like, optical fiber network to a multitude of local hybrid fiber cable nodes 
(HFCNs) in respective communities. Then the programs are further distributed from the local 
HFCNs through a branching tree-like coaxial cable network to customer interface units (CIUs) also 
called cable terminations at the customer's residence or place of business. 

In multicarrier signals, a plurality of carrier signals that have mutually different radio 
frequencies, are each modulated by a different respective information signal. At the head-end, a 
multitude of analog electronic signals for respective television programs are used to modulate 
respective radio frequency carrier signals that have mutually different respective frequencies. The 
multitude of modulated carrier signals are combined to form the multicarrier electronic signal. The 
multicarrier signal is used to modulate a laser beam to provide an optical signal carried by the laser 
beam through an optical fiber. 

Analog television signals are broadcast in cable television systems as multicarrier amplitude 
modulated virtual side band signals (AM-VSB) at radio frequencies nominally from 50 to 550 MHz 
for the NTSC standard or 65 to 550 MHz for the PAL standard. The base-band signal for each 
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television program modulates a respective carrier signal to form a so called channel. The carrier 
frequencies are spaced at 6 MHz intervals for reception by a cable ready television set. Thus, about 
83 analog channels are available for analog NTSC broadcasting. 

In the fiber tree network, optical fibers branch out from optical splitters to reach all the 
HFCNs. The optical splitters are typically one-to-multiple-way optical couplers produced by twisting 
two or more optical fibers together and fusing the fibers. 

At each local HFCN node, the multicarrier optical signal is used to modulate the current 
through a photo-detector in order to covert the optical signal back into an electronic multicarrier 
signal. The reconverted electronic signal is amplified and transmitted from the local nodes through 
the tree-like network of coaxial conductor cables to the CIUs. In the customers home or place of 
business an internal coaxial cable network extends from the CIU, and the customer connects a cable 
ready television to the internal cable to receive the cable television broadcasts. 

Often several coaxial cables will extend from the same HFCN. In some cases they are simply 
branches of the same network. They all receive signals from the same receiver in the HFCN and the 
same transmitter in the HFCN transmits return signals from all the branch networks. In other cases, 
multiple independent coaxial cable networks extend from the same HFCN. In that case, each 
independent coaxial network receives signals from a respective receiver in the HFCN and a 
respective transmitter in the HFCN transmits return signals from a respective coaxial cable network. 

In addition to analog television, some cable systems are beginning to provide digital 
television broadcasts through the same cable television networks. These are multicarrier QPSK 
(quadrature phase shift keying) or multilevel QAM (quadrature amplitude modulation) such as 16- 
QAM to 256-QAM, that are compatible with digital television standards. These signals are 
commonly transmitted at frequencies above 550 MHz (the maximum frequency of standard analog 
television), such as, in a band nominally of about 550-750 MHz or 550-875 MHz. The customer 
connects a settop box to his internal coaxial cable network and connects a short coaxial cable 
between the settop box and his analog television. At the standard 6 MHz spacing between carrier 
frequencies, the 550-750 MHz band has room for about 32 digital channels, and a 550-875 MHz 
band has room for about 53 digital channels. 

In addition to broadcast television programming, many cable television operators are 
beginning to provide additional types of communication services such as telephone service, 
computer networking services (e.g. high speed internet connection), video conferencing, security 
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services, and/or interactive television services through the cable television system. These additional 
services require bi-directional private communication in the cable television system between the 
customers and the head-end. In the forward direction, private narrowcast signals for these additional 
services are transmitted along with the broadcast television signals through the cable television 
5 network to the CIUs as described above for digital broadcast television. Typically some of the digital 
channels above 550 MHz are reserved for these private, narrowcast, forward signals. 

The customer connects telephone equipment, computer equipment, security systems, and 
^ various appliances through various interfaces (e.g. a set top box) to an internal coaxial cable network 

connected to his CIU. The customer's equipment receives the forward signals for addition services 
10 and produce return signals for additional services that are transmitted by the CIUs into the external 
| coaxial network of the cable television system. The return signals for the additional communication 

^ services are commonly transmitted back through cable television systems in the same form as digital 

television signals and at frequencies below the minimum frequency of analog television (e.g. within 
q a band nominally from 5 to 50 MHz for NTSC or from 5 to 65 MHz for PAL). Thus for NTSC, there 
^15 are about 7 channels which are shared between users, for example, by packet switching. 
* i The return signals travel back through the external coaxial network to the local HFCNs. In 

|y the local nodes, the electronic return signals are separated from the electronic forward signals by a 

diplex filter. The separated electronic return signals are used to modulate a return laser beam to 
3 produce an optical return signal. The optical return signal is transmitted back to the head-end. The 

la: 

|i|0 separate optical return signal from each HFCN is converted back into a respective electronic return 

i=y signal by a respective optical detector for the return signal. The electronic return signals are 

^2 demodulated and used in the head-end for control, telephone, television, and computer 

a: 

*~ communications. 

The optical return signals from the HFCNs can be transmitted through a different optical 
25 fiber for each HFCN. This results in an additional optical fiber from every node extending from the 
node to the head-end. This option is expensive when installing a new system even though optical 
fibers are relatively inexpensive, because of the large number of fibers that are required in the fiber 
tree network, but it is impractical to upgrade a system in this manner because of the large expense of 
installing additional fiber all the way back to the head-end whenever another node is added as 
30 system. 
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A more practical method of providing additional signal paths to the head-end for return 
signals is wavelength division multiplexing (WDM) in which, multiple laser beams of different 
respective optical wavelength are routed through the same common optical fiber. A different optical 
wavelength is used for the return laser from each respective HFCN node, all the return optical 
signals travel back through the same fibers as the forward optical signal. A wavelength division 
multiplexer (WDM) is used to separate the return light beams at the head-end. WDMs can be used to 
combine (multiplex) multiple light beams of mutually different respective optical wavelengths from 
separate fibers into a common optical fiber and/or to separate (demultiplex) the light beams from the 
common fiber into the separate fibers. WDMs that use a grating or prism to combine and/or separate 
light beams of different wavelength are well known in the art. In the WDM, the end of each single 
wavelength fiber is positioned relative to the prism or grating and relative to the end of the common 
fiber, so that, only light within a narrow range in wavelength, around a nominal wavelength for the 
single wavelength fiber, will travel through the prism or grating between the end of the single 
wavelength fiber and the end of the common fiber. During combining, any light from the single 
wavelength fiber which is not within that tolerance range for that single wavelength fiber will be 
rejected. Alternatively, a multi-branch optical coupler can be used for multiplexing multiple beams, 
but does not provide the inherent side mode rejection of a multiplexing WDM. 

Relatively inexpensive lasers are available with optical wavelengths with relatively low 
attenuation in silica glass in wavelength bands from about 1220 to 1360 nm and from about 1480 to 
1620 nm. The number of discrete laser beams that can be transmitted through the same fiber within 
these optical wavelength bands, depends on the amount of wavelength separation required between 
the beams which is limited by beam wavelength width, wavelength tolerances, and crosstalk 
between signals carried in the beams. 

The wavelength of a laser is not a vertical line (single value) on the wavelength intensity 
curve, but rather a narrow peak with side peaks representing side modes. The single-mode DFB 
lasers typically used for communication, commonly have line-widths of less 0.1 nm and side mode 
suppression of 30 to 40 dB. A multiplexing WDM can essentially eliminate the side modes of laser 
beams as they are combined. The wavelength of the laser and of the WDM must be precisely 
matched, but the wavelengths of both the lasers and WDM are temperature dependent, so that, the 
wavelength separation between beams must be sufficient, so that, temperature fluctuations will not 
cause loss of signal through the WDM. In addition, the optical wavelength of a directly modulated 
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DFB laser fluctuates (chirps) when the intensity of the laser beam is modulated by modulating the 

■? 

bias current of the laser. Chirping can be eliminated by using external modulation of the laser beam, 
but external modulation is more complex and expensive. Thus, the separation between optical 
wavelengths of light beams in a WDM system is limited by fluctuations of the laser wavelength due 
to temperature fluctuations and chirping of the laser. 

Requirements for signal to noise ratio (S/N) at the cable termination together with limits on 
the allowed optical power, limit the length of optical transmission of analog television signal to 
around 100 km. The introduction of additional light beams in a common optical fiber results in 
crosstalk as additional noise that further reduces the range of cable broadcasting. 

There are three principal causes of crosstalk between laser beams in a WDM system, namely, 
imperfect separation, stimulated Raman scattering (SRS), and four wave mixing. The separation of 
the beams in the WDM is not perfect, so that, some light from other beams contaminates the 
separated beams and is detected by the optical detectors as crosstalk. 

Stimulated Raman scattering (SRS) transfers energy from shorter wavelength beams to 
amplify longer wavelength beams in the same fiber. For intensity modulated beams, this energy 
transfer occurs more when signals in both beams are simultaneously at high intensity. SRS results in 
crosstalk in the signals of both beams. SRS intensity tends to be proportional to the length of the 
common fiber. The intensity of SRS is also inversely related to the radio frequency of a signal 
modulating the light beam, so that, when the modulation frequency is reduced by half, then the noise 
resulting from SRS increases by 6 dB (i.e. it is 4 times higher). 

Figures 13 and 14 show the relationship between noise resulting from SRS and the frequency 
of a modulating signal for a particular fiber optic link. The actual level of SRS noise depends on the 
length of the common fiber, the quality of the fiber, the radius of the turns in the fiber, the number 
and quality of the connections in the fiber, and other variables. 

Four wave mixing FWM occurs when three light beams of wavelength XI, X2, and A3 in an 
optical fiber interact resulting in additional light beams of wavelength XI + X2 - A3; X2 + X3 - XI; 
and XI + X3 - X2. If the wavelength of one of the resulting light beams is sufficiently close to the 
wavelength of another light beam in the WDM, so that, the resulting light beam is not fully rejected 
by the WDM, then cross talk will result. The intensity of the resulting light wave is proportional to 
the length of the WDM link and also depends on the degree of optical phase matching which in turn 
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is dependent on fiber dispersion and wavelength spacing. Careful selection of the spacing between 
light beam wavelengths can be used to minimize crosstalk due to four wave mixing. 

There is substantial loss in light intensity in the multiplexing WDM where the beams are 
combined and in the demultiplexing WDM where the beams are separated, so that, WDM systems 
5 usually include optical amplifiers. Currently Erbium doped fiber, pumped laser amplifiers (EDFAs) 
are commonly used to amplify the light beams in optical communication networks. Current EDFAs 
only have a bandwidth of 30 nm and only operate at around 1550 nm, so that, 1330 nm lasers can not 
be used with current EDFAs and only a small portion of the available bandwidth at 1550 can be 
used. Also, SRS crosstalk between beams in a WDM system increases in the erbium doped fiber. 
10 Semiconductor laser amplifiers are available which can amplify optical signals within the full 

wavelength bands at both 1550 and 1310 nm, but they are more expensive and they produce more 
crosstalk than EDFAs. However, optical signal amplification is a quickly developing field.. 

Those skilled in the art are directed to the following citations. U.S. patent 4,992,745 to 
Ij Blauvelt suggests a pre-distortion network for compensating for second, third, and higher order 
"3 5 distortion in a transmission device such as a semiconductor laser. U.S. patent 5,257,124 to Glaab 
S! suggests dual optical links to cancel out even order distortion. U.S. patent 5,430,568 to Little 
?[j suggests a system in which 4 independent lasers each transmit different respective multi-carrier 
^ signals having different respective frequency bands of less than one octave each. In that citation, at 
* optical receivers, second order distortions are filtered out of each of the 4 signals and then the signals 
j!^0 are combined into a single 54-500 MHz multi-carrier signal. U.S. patent application 5,864,612 to 
a ; U Bodeep suggests a telephone switching network with downstream multiple CATV channels (AM- 
> j VSB) or enhanced pay-per-view (EPPV) channels extend from 55.25 to 500 MHz, downstream 
^ switched signals extend from 500 MHz to 1 GHz. Upstream switched signals in multiple coaxial 
cable networks connected to the node, extend from 5 to 40 MHz. Upstream bands from different 
25 coaxial cables are frequency shifted and frequency multiplexed to use different upstream bandwidths 
in a common signal converted to an optical signal using a laser transmitter. According to Bodeep this 
system presents an unsatisfactory upstream bandwidth bottleneck. "Telecommunications 
Transmission Handbook" fourth edition, by Roger L. Freeman pp. 71 1-762 describes current fiber 
optic communication links. 
30 The above citations are hereby incorporated herein in whole by reference. 
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SUMMARY OF THE INVENTION 



In the invention herein, SRS crosstalk is minimized by minimizing the length of optical 
fibers that use WDM to carry optical signals having low frequency carrier signals. Also, SRS 
crosstalk is minimized by providing separate fibers for optical signals with low frequency carrier 
signals, so that, wavelength division multiplexing (WDM) is only used for light beams that 
exclusively use high frequency carrier signals. Prior to DWDM, the carrier frequencies of light 
beams are increased, so that, after the light beam is multiplexed with other beams, cross talk due to 
SRS will be minimized. In addition, in order to further reduce cross-talk between information in 
wavelength multiplexed laser beams, information in different beams is modulated with carrier 
signals in different frequency bands, so that, crosstalk is minimized and some of the resulting cross 
talk can be filtered out. Preferably, each of the different frequency bands are less than an octave 
wide, so that, essentially all of the second order distortion and some third order distortions and 
higher order distortions can be filtered out, and more preferably, each of the different frequency 
bands are less than half an octave wide, so that, essentially all of the second and fourth order 
distortions and more of the third order and higher order distortions can be filtered out. 

The optical apparatus of the invention includes an input path, an output path, and an optical 
up-converter . The input optical path carries an input light beam modulated by an input carrier signal 
modulated by an information signal, the input carrier signal having a radio frequency. The output 
optical path carries an output light beam modulated by on output carrier signal modulated by the 
same information signal as the input carrier signal, the output carrier signal having a higher radio 
frequency than the input carrier signal. The optical up-converter converts the input light beam 
carrying the input carrier signal carrying the information signal into the output light beam carrying 
the higher frequency output carrier signal carrying the same information signal. 

Preferably, the optical apparatus further includes: an input optical coupler for connecting an 
input optical fiber to the input optical path; and an output optical coupler for connecting an output 
optical fiber to the output optical path. The wavelengths of the input and output light beams are 
preferably, between 1220 and 1360 nm and/or between 1480 and 1620 nm. The radio frequency of 
the output carrier signal is at least approximately 2 times higher than a radio frequency of the input 
carrier signal, the radio frequency of the input carrier signal is below 100 MHz, and the radio 
frequency of the output carrier signal is above 200 MHz. Preferably, the radio frequency of one 
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output carrier signal is more than approximately 40 times higher than the frequency of the 
corresponding input carrier signal, and the radio frequency of the input carrier signal is 
approximately between 5 and 65 MHz and the radio frequency of the output carrier signal is 
approximately between 300 and 1000 MHz. Also, preferably, the optical apparatus further includes 
one or more additional input optical paths providing a plurality of input optical paths carrying 
respective input light beams modulated by respective input carrier signals modulated by respective 
information signals, the respective input carrier signals having radio frequencies. Preferably, the 
optical up-converter converts the plurality of the input light beams carrying the input carrier signals 
carrying the information signals into the output light beam carrying the higher frequency output 
carrier signals carrying the same information signals. Preferably, the optical apparatus further 
includes one or more additional output optical paths providing a plurality of output optical paths 
carrying respective output light beams modulated by respective output carrier signals modulated by 
the same information signals as corresponding input carrier signals, the respective output carrier 
signals having a higher radio frequency than the corresponding input carrier signals; and the optical 
apparatus converts the plurality of the input light beams carrying the input carrier signals carrying 
the information signals into the plurality of output light beams carrying the higher frequency output 
carrier signals carrying the same information signals. 

In a preferred embodiment of the invention, the input and output light beams are multicarrier 
optical signals in which each light beam is modulated by a multitude of carrier signals, the multitude 
of carrier signals of the same light beam have mutually different respective radio frequencies and the 
carrier signals of the same light beam are modulated by different respective information signals. 
Also, the output carrier signals are modulated by the same respective information signals as 
corresponding input carrier signals having lower frequencies. 

Preferably, the radio frequencies of the output carrier signals are all within a frequency band 
with a band width of approximately less than one octave, so that, the maximum frequency of any 
carrier in the band is less than or equal to approximately 2 times the minimum frequency of any 
carrier in the band, so that, essentially all second order distortions of the multicarrier signal can be 
filtered out. More preferably, the output carrier signals have radio frequencies within a frequency 
band with a width of approximately less than half an octave, so that, the maximum frequency of any 
carrier in the band is less than or equal to approximately 1.5 times the minimum frequency of any 
carrier in the band, so that, essentially, all fourth order distortions of the multicarrier signal can be 
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filtered out. Also, preferably, the multiple carrier signals of the input light beam have radio 
frequencies in a frequency band extending in a potion of the range between approximately 5 and 65 
MHz, and the corresponding carrier signals in the output light beam have radio frequencies in a band 
with a minimum carrier frequency above 400 MHz. 



provide a plurality of output optical paths carrying respective output light beams which are 
multicarrier optical output signals including a first output light beam modulated by a multitude of 
carrier signals in a first frequency band and a second output light beam modulated by a multitude of 
carrier signals in a second frequency band, and in which the frequency bands do not overlap. In this 
10 case, preferably, the first frequency band extends in a portion of the range of 200-800 MHz; and the 
second frequency band extends in a portion of the range of 300-1200 MHz, and the wavelengths of 
two of the output light beams are separated by a difference between 0.4 nm and 1.6 nm. More 
preferably, the first frequency band is approximately 400-600 MHz and the second frequency band 
«i is approximately 600-900 MHz. 



The optical up-converter of the invention includes optical receiver , electronic up-converter 
%! and optical transmitter. The optical receiver converts the input light beam carrying the input carrier 
g*; signal into an input electronic current signal carrying the same input carrier signal. The electronic 
*3 up-converter converts the input electronic current signal modulated by the input carrier signal 
3 modulated by the information signal into an output electronic current signal modulated by the higher 
jj0 frequency output carrier signal modulated by the same information signal. The optical transmitter 
f U converts the output electronic current signal carrying the higher frequency carrier signal into the 
3 output light beam carrying the same higher frequency output carrier signal. Preferably, the optical 
*«l transmitter includes a directly modulated, distributed feedback (DFB) laser. The optical transmitter, 
preferably includes, a power amplifier, a biaser for biasing the output electronic signal, and a lens 
25 system for directing the laser beam into an end of an optical fiber. The optical receiver, preferably 
includes, a PIN photo-diode followed by a preamplifier. Preferably, the optical apparatus also 
includes a controller to dynamically control the wavelength of the lasers during operation. 

Also, the optical up-converter, preferably includes, one or more additional input optical 
paths, providing a plurality of input optical paths carrying respective input light beams modulated by 
30 respective input carrier signals modulated by a different respective information signals. In which 
case, the optical receiver converts the plurality of input light beams into respective electronic input 



5 
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current signals carrying the respective input carrier signals; and the electronic up-converter converts 
the plurality of input current signals carrying the -input carrier signals into the output electronic 
current signal carrying output carrier signals with higher frequencies than the input carrier signals 
and carrying the same information signals. Also, the electronic up-converter includes a combiner for 
combining multiple electronic current signals into a single electronic current signal. 

Preferably, the apparatus further includes one or more additional output optical paths to 
provide a plurality of output optical paths carrying respective output light beams modulated by 
respective output carrier signals corresponding with the input carrier signals of the plurality of input 
light beams and having a radio frequency higher than the input carrier signals, the output carrier 
signals being modulated by the same information signals as the corresponding input carrier signals. 
In this case, the electronic up-converter converts the plurality of input electronic current signals 
modulated by the input carrier signals modulated by the information signals, into a plurality of 
output electronic current signals modulated by the higher frequency output carrier signals modulated 
by the same information signals. Also, an optical transmitter converts the plurality of output 
electronic current signals carrying the higher frequency output carrier signals into respective output 
light beams carrying the same higher frequency output carrier signals in the output optical paths. 
Preferably, the combiner converts 4 or more input electronic signals into one output electronic 
signal. More preferably, 4 to 6 input electronic signals are converted into each output electronic 
signal. 

A wavelength multiplexing fiber-hub of the invention includes the apparatus described above 
and the following. The fiber-hub includes a multitude of return signal input optical paths carrying 
different respective return input light beams each modulated by a different respective multitude of 
return input carrier signals. For each return input light beam, the respective multitude of return input 
carrier signals are modulated by different respective return information signals and each have a 
different radio frequency. The hub also includes a plurality of return signal output optical paths 
carrying respective return output light beams, each modulated by a respective multitude of return 
output carrier signals. For each return output light beam, the respective multitude of return output 
carrier signals are modulated by a different one of the return information signals. The return output 
carrier signals each having a different radio frequency, and the radio frequencies of the return output 
carrier signals are higher than the radio frequencies of the return input carrier signals. Also, the hub 
includes an optical up-converter for converting the multitude of return input light beams carrying the 
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return input carrier signals carrying the return information signals, into the plurality of return output 
light beams carrying the higher frequency return output carrier signals carrying the return 
information signals. Finally the hub also includes a signal router including a return combiner for 
combining the return output light beams from the plurality of return output optical paths into a 
common hub optical fiber. 

Preferably, the hub also includes a multitude of forward signal optical paths carrying 
respective forward light beams modulated by respective multitudes of forward carrier signals. For 
each forward light beam, each forward carrier signal is modulated by a different respective forward 
information signal and each forward carrier signal has a different radio frequency. Also, the hub, 
preferably includes, common node fibers for respective return input optical paths, and the signal 
router routes respective forward light beams from respective forward signal optical paths into 
respective common node fibers and routes respective return input signal from respective common 
node fiber into respective return input optical paths, so that, in each common node fiber, a forward 
light beam travels away from the hub and a return light beam travels toward the hub. Preferably, the 
signal router also includes a node wavelength division multiplexer for each common node fiber 
which routes respective forward light beams from respective forward signal optical paths into 
respective common node fibers and routes respective return input signal from respective common 
node fiber into respective return input optical paths. Also, the signal router, preferably includes, a 
hub wavelength division multiplexer for routing forward light beams from the common hub fiber 
into respective forward signal optical paths. The hub wavelength division multiplexer routes return 
light beams from forward signal optical paths into the common hub fiber. 

Preferably, the hub also includes, a broadcast signal optical path carrying an analog broadcast 
light beam modulated by a multitude of broadcast carrier signals modulated by different respective 
broadcast information signals. The broadcast carrier signals each have a different radio frequency. In 
this case, the signal router includes a splitter for dividing the broadcast light beam into a multitude of 
similar broadcast light beams in respective broadcast signal optical paths for respect common node 
fibers. Also, the node wavelength division multiplexers route the broadcast light beams from 
respective broadcast signal optical paths into respective common node fibers. 

A second embodiment, of the wavelength multiplexing fiber-hub of the invention, includes, a 
multitude of return input optical paths carrying respective return input light beams. Each beam is 
modulated by a multitude of return input carrier signals modulated by different corresponding return 
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information signals. For each return input light beam, the radio frequencies of the return input carrier 
signals of the return input light beam are mutually different. The second hub embodiment also 
includes a plurality of return output optical paths carrying respective return output light beams. Each 
beam is modulated by a multitudes of return output carrier signals respectively modulated by the 
5 same return information signals as corresponding return input carrier signals. The return output 
carrier signals have a higher radio frequency than the return input carrier signals. The second hub 
embodiment includes: an optical receiver, an electronic up-converter , and an optical transmitter . 
The optical receiver converts the multitude of return input light beams that carry the return input 
carrier signals into corresponding return input electronic current signals that carry the same return 
10 input carrier signals as the return input light beams. The electronic up-converter converts the 
multitude of return input electronic current signals that carry the return input carrier signals that 
carry the return information signals, into a plurality of return output electronic current signals that 
carry higher frequency return output carrier signals, that carry the same return information signals as 
p corresponding return input carrier signals. The optical transmitter converts each return output 

electronic current signal into a corresponding return output light beam carrying the same higher 
-J frequency return output carrier signals in an output optical path. Each return output light beam has a 
f7i mutually different wavelength, so that, each one of the plurality of return output optical paths carries 
S3 a corresponding one of the plurality of return output light beams. Finally, the second hub 
a embodiment includes an output router for combining the return output light beams from the plurality 
l$.0 of return output optical paths into a common hub fiber that carries the plurality of return output light 
lli beams. 

An up-converter of the invention includes receiving apparatus for receiving a first plurality of 
% * first multicarrier electronic first signals that include a multitude of first carrier signals modulated by 
different respective information signals, the frequency of the carrier signals in the same multicarrier 

25 signal are all different, the frequencies of a plurality of the carrier signals of different first electronic 
signals are approximately the same. The first carrier signals of each first electronic signal are within 
the same first frequency band. The up-converter also includes conversion apparatus for converting 
and combining the respective first signals into a single multicarrier electronic second signal 
including a multitude of second carrier signals of mutually different respective frequencies and 

30 modulated respectively by the same information signals as the first signals. The frequencies of the 
second carrier signals are within a second frequency band and the minimum carrier frequency of the 
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second band is at least 2 times higher than the maximum carrier frequency of the first band. Finally, 
the up-converter includes transmission apparatus for transmitting the second signal. 

Preferably, in the up-converter, the information signals of each first signal modulate 
respective second carrier signals with frequencies within a different subband of the second frequency 
5 band. In this case, the frequency band width of the first frequency band is more than an octave, and 
the frequency band width of the second frequency band is less than an octave, and more preferably, 
less than half an octave. The minimum frequency of the second band is more than the maximum 
frequency of the first band, and preferably, more than 2 times higher, and more preferably, more 
than 6 times higher than the maximum frequency of the first band. Preferably, the maximum 
10 frequency of the first frequency band is below 100 MHz and the minimum frequency of the second 
band is above 200 MHz, more preferably, the maximum frequency of the first frequency band is 
below approximately 65 MHz and the minimum frequency of the second band is above 300 MHz, 
More specifically, the first frequency band is in a range approximately between 5 and 65 MHz, and 
y the first band width is more than 3 octaves, and the second frequency band is in a portion of a range 
% $5 approximately between 400 and 650 MHz, and the second band width is less than half an octave. 

is a: 

* J Preferably, in a first embodiment of the up-converter of the invention, the receiving 

g[j apparatus communicates with respective coaxial cable networks to receive the first plurality of first 
^ electronic signals. The conversion apparatus includes: electronic frequency converters for converting 

* the respective first electronic signals into different respective third multicarrier electronic signals that 
gJ^O include a portion of the second carrier signals with frequencies within a subband of the second . 

t LI frequency band; and a combiner for combining the third electronic signals into the second electronic 
,3 signal. Also, the up-converter, preferably includes, an optical transmitter for converting the single 
^ second electronic signal into a first multicarrier optical signal. 

In a second embodiment of the up-converter of the invention, the up-converter includes an 
25 optical transmitter for converting the single second electronic signal into a first multicarrier optical 
signal. Also, in this case, preferably, the conversion apparatus includes a combiner, an optical 
receiver, a second frequency converter, and a second optical transmitter. The multiple first frequency 
converters convert the respective first electronic signals into different respective third multicarrier 
electronic signals that each including a multitude of third carrier signals. The frequencies of the third 
30 carrier signals of each third electronic signal are within a different subband of a third frequency 
band. The maximum frequency of the third frequency band is at least approximately the minimum 
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frequency of the first frequency band plus the frequency band width of the first frequency band times 
the number of first multicarrier signals in the first plurality of signals. The combiner combines the 
third electronic signals into a single fourth multicarrier electronic signal with third carrier signals in 
the third frequency band. A first optical transmitter converts the fourth electronic signal into a first 
5 multicarrier optical signal. The optical receiver converts the first optical signal into a fifth 

multicarrier electronic signal. The second frequency converter converts the fifth electronic signal 
into the second electronic signal with second carrier signals in the second frequency band. The 
minimum frequency of the second frequency band being higher than the maximum frequency of the 
third frequency band. The second optical transmitter converts the single second signal into a second 
10 multicarrier optical signal. 

Preferably, in the second up-converter embodiment of the invention, the receiving apparatus 
includes a plurality of optical receivers for converting respective first multicarrier optical signals 
respectively into the first plurality of first multicarrier electronic signals. Also, preferably, the 
12 conversion apparatus includes frequency converters for converting the respective first electronic 
%S 15 signals into different respective third multicarrier electronic signals that each have a portion of the 
M second carrier signals with carrier frequencies in a different respective portion of the frequency band 
?y of the second carrier signals. Also, the conversion apparatus includes a combiner for combining the 

• third electronic signals into the second electronic signal In this embodiment, preferably, the up- 
* converter also includes, an optical transmitter for converting the single second electronic signal into 

§4 

■ ? 20 a second multicarrier optical signal. 

^ In a third embodiment, of the up-converter of the invention, the receiving apparatus 

.3 communicates with respective coaxial cable networks to receive fourth multicarrier electronic 
%a3 signals equal in number to the first plurality of first electronic signals. In this embodiment, the 

receiving apparatus includes an optical transmitter for converting the fourth electrical signals into 
25 respective first multicarrier optical signals and the receiving apparatus includes an optical receiver 
for converting the first optical signals respectively into the first electronic signals. In this 
embodiment, the conversion apparatus includes: a frequency converter for converting the respective 
first electronic signals into different respective third multicarrier electronic signals that each include 
a portion of the second carrier signals with frequencies within a subband of the second frequency 
30 band; and a combiner for combining the third electronic signals into the second electronic signal. 
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A hybrid cable fiber node of the invention includes: a first connector, a first combiner, a 
second connector, and an optical transmitter. The first connector connects a plurality of coaxial 
cable networks to the node. The up-converter receives a plurality of multicarrier first electronic 
return signals from respective coaxial cable networks. The multicarrier signals each include a 
5 multitude of carrier signals modulated by different respective information signals. The frequency of 
each carrier signal in the same multicarrier signal is mutually different, and the frequencies of the 
carrier signals of all the first return signals are within the same first frequency band. The up- 
converter converts the respective first electronic return signals into different respective second 
electronic return signals. The frequencies of the carrier signals of each second return signal are 
10 within a different subband of a second frequency band with a frequency band width that is less than 
one octave. The first electronic combiner combines the second electronic return signals into a single 
third electronic return signal with frequencies of carrier signals within the second frequency band. 
The optical transmitter converts the third electronic return signal into a first optical return signal. The 
q second connector connects a first optical fiber for carrying the first optical signal from the node. 
**l5 Preferably, the node also includes: a first optical receiver for converting a forward optical 

M signal into a respective electronic forward signal in one or more of the coaxial cable networks; and a 
?[j diplex filter for separating the first electronic return signals from the electronic forward signals in 
^ respective coaxial cable networks and providing the first return signals to the up-converter apparatus. 
3 In this case, preferably, the optical receiver and the optical transmitter communicate with the same 
|20 end of a common optical fiber. Also, preferably, the node further includes: a second optical receiver 
tU for converting an optical broadcast signal into an electronic broadcast signal; and second electronic 
s. 3 combiner for combining the electronic broadcast signal with each of the electronic forward signals. 
,aS A communication system of the invention includes: apparatus for transmitting analog 

broadcast television from a head-end to customer interface units, apparatus for transmitting forward 
25 digital signal for additional services from the head-end to the customer interface units, and apparatus 
for receiving return digital signals for additional services from the customer interface units into the 
head end. The apparatus for transmitting analog broadcast television from the head-end to the 
customer interface units include: a multitude of optical fibers, a gateway, a first modulator, a first 
combiner, a first optical transmitter, an optical signal router, a multitude of coaxial cable networks, a 
30 first receiver, and customer interface units. The gateway provides a plurality of first analog 

electronic broadcast signals. The first modulator modulates a multitude of first carrier signals with 
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the first electronic broadcast signals. The first combiner combines the modulated first carrier signals 
into a second multicarrier electronic broadcast signal. The first optical transmitter converts the 
second broadcast signal into a multicarrier optical broadcast signal. The optical router splits the 
optical broadcast signal into a plurality of multicarrier optical broadcast nodes signals in respective 
5 optical fibers. The system includes a multitude of coaxial cable networks. The first receiver converts 
the optical broadcast node signals into respective third electronic multicarrier broadcast signals in a 
respective one of the coaxial cable network. The customer interface units are connected to the 
coaxial cable networks for receiving the third electronic broadcast signals. 

In addition to the multitude of optical fibers, the gateway, the optical signal router, the 
10 multitude of coaxial cable networks, the first receiver and the customer interface units, described 

above, the apparatus for transmitting forward digital signal for additional services from the head-end 
to the customer interface units, includes: a second modulator, a second combiner, and a second 
optical transmitter. The gateway provides a multitude of first electronic service signals for computer 
I «i and telephone communications services, the first electronic service signals being divided into a 
M 5 multitude of destination groups, each destination group including a multitude of information signals 
%j for transmission to one or more of the coaxial cable networks. The second modulator modulates 
ITi groups of second carrier signals with respective groups of first electronic service signals. The second 
O combiner combines the modulated second carrier signals of each group into a respective second 
g multicarrier electronic service signal. The second optical transmitter converts the second service 
f20 signals into respective multicarrier optical service signals. The optical router multiplexes a plurality 
IL! of the optical service signals into each fiber of a plurality of common optical fibers for respective 
fiber-hubs. For each common fiber, the optical service signals in the fiber have different respective 
optical wavelengths. The optical router also wavelength demultiplexes the plurality of optical service 
signals from each common optical fiber into respective optical fibers. The first receiver converts the 
25 optical service signals in the respective fibers into respective third electronic multicarrier service 
signals in the coaxial cable networks. The customer interface units receive the third electronic 
service signals through the coaxial cable networks. 

In addition to the a multitude of optical fibers, the gateway , the optical signal router, the 
multitude of coaxial cable networks, and the customer interface, described above, the apparatus for 
30 receiving return digital signals for additional services from the customer interface units into the head 
end include: an electronic up-converter, a second combiner, a third optical transmitter, a second 
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receiver, and a signal separator. The customer interface provides a multitude of first electronic 
multicarrier return signals that each include a multitude of third carrier signals that are modulated by 
different respective information signals. The frequency of the carrier signals in the same multicarrier 
signal are all mutually different. The frequencies of a plurality of the third carrier signals in any of 
5 the first electronic return signals in its respective coaxial cable network are approximately the same 
as in any other first electronic return signal in another respective coaxial cable network. For all the 
first electronic return signals, the frequencies of the third carrier signals, are within the same first 
frequency band. The electronic up-converter converts the first electronic return signals into 
respective second multicarrier electronic return signals that each include a respective multitudes of 
10 fourth carrier signals corresponding to respective third carrier signals. For each second return signal, 
the multitude of carrier signals have mutually different respective frequencies. The fourth carrier 
signals are modulated respectively by the same information signals as corresponding third carrier 
signals. The second combiner combines groups of first electronic return signals into respective third 
r 3 multicarrier electronic return signals. The fourth carrier signals in the third return signals have 
H5 mutually different respective frequencies which define respective second frequency bands. The 
^ J minimum carrier frequency of the second bands is higher than the maximum carrier frequency of the 
l*\ first band. The third optical transmitter converts the multitude of second electronic return signals 
*3 into respective first multicarrier optical return signals in respective optical fibers. The optical router 
g " multiplexes a group of multiple first optical return signals from respective optical fibers into each 

fiber of multiple common optical fibers, and for each common fiber, the first optical return signals in 
tu the fiber have different optical wavelengths. The optical router also wavelength demultiplexes the 
^ multiple first optical return signals from each common optical fiber into respective optical fibers. 
M The second receiver converts the first optical return signals into respective third multicarrier return 

signals. The separator separates each of the fourth carrier signals from each of the third return 
25 signals. The demodulator extracts the information signals from respective fourth carrier signals and 
provids the extracted information signals to the gateway , and the gateway receives the extracted 
information signals. 

A method of providing optical communications of the invention includes: providing an 
electronic multicarrier communication signal; converting the multicarrier electronic communication 
30 signal into a first multicarrier optical communication signal including a multitude of carrier signals 
modulated by respective information signals, with the frequencies of the carrier signals different 
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from each other and within a first frequency band; and converting the first multicarrier optical signal 
into a second multicarrier optical signal including a multitude of carrier signals with frequencies in a 
second frequency band with a minimum frequency of the second frequency band higher than a 
maximum frequency of the first frequency band. 
5 Preferably, the method also includes providing a third multicarrier optical return signal 

including a multitude of carrier signals with frequencies in a third frequency band with a minimum 
frequency higher than a maximum frequency of the first frequency band and a wavelength 
sufficiently different from a wavelength of the second frequency band, so that, the optical signals 
can be combined together into one optical fiber and separated by a wavelength division 
10 demultiplexer; and combining the second and third optical return signals into the same common 

optical fiber. Also, preferably, the second and third frequency bands have different non-overlapping 
frequency ranges, so that, the minimum frequency of any carrier signal in the third frequency band is 
less than the maximum frequency of any carrier signal in the second frequency band, 
f 3 Preferably, in the method of the invention, the minimum frequency of carrier signals in the 

M5 second and third frequency bands are at least 4 times higher than the maximum frequency of the 
\i carrier signals in the first frequency band. Also, preferably, the second frequency band extends in a 
l[j portion of a range of 200 to 900 MHz and the third frequency band extends in a range from 300 to 
w 1400 MHz and the width of the second and third frequency bands are less than an octave. More 
a preferably, the second frequency band extends in a portion of a range of 300 to 800 MHz and the 
J20 third frequency band extends in a range from 400 to 1300 MHz. Even more preferably, the second 
lU frequency band extends in a portion of a range of 350 to 700 MHz and the third frequency band 
5 extends in a range from 550 to 900 MHz and the width of the second and third frequency bands are 
^ less than an half an octave. 

In a system embodiment of the method of the invention, the method includes: providing a 
25 respective multitude of customer interface units connected to each of a multitude of coaxial cable 
networks; generating a first electronic multicarrier signals in each of the coaxial cable networks, 
using the multitude of the customer interface units connected to each network, with the frequencies 
of carrier signals of the first electronic signal in each of coaxial network in the same first frequency 
band; providing one or more hybrid fiber cable nodes; providing one or more optical fibers; 
30 converting one or more forward multicarrier optical signals from one of the optical fibers into 

forward multicarrier electronic signals in the coaxial cable networks; separating the multitude of first 
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electronic signals in the coaxial cable networks into a multitude of separated first electronic signals 
in the nodes; first converting a first plurality of separated first electronic signals in the nodes into a 
single second electronic multicarrier signal with frequencies of carrier signals in a second frequency 
band having a minimum carrier frequency higher than a maximum carrier frequency of the first 
5 frequency band and a width of the second frequency band is less than one octave; and second 
converting the second electronic signal into a first optical multicarrier signal in a first one of the 
optical fibers, with frequencies of carrier signals in the second frequency band. The system 
embodiment of the method may further include: third converting a second plurality of separated first 
electronic signals in the nodes into a single third electronic multicarrier signal with frequencies of 
10 carrier signals in a third frequency band having a minimum carrier frequency higher than a 

maximum carrier frequency of the first frequency band and a frequency band width of less than one 
octave; and fourth converting the third electronic signal into a second optical multicarrier signal in 
the first one of the optical fibers, with frequencies of carrier signals in the third frequency band and a 
| 3 light wavelength sufficiently different from a light wavelength of the first optical signal, so that, the 
M 5 first and second optical signals can be separated by a wavelength division demultiplexer. 
%! Preferably, the method of the system embodiment further includes providing a fiber-hub and 

j;*; the first converting includes: third converting the first plurality of separated first electronic signals in 
*3 the nodes into a corresponding plurality of second optical signals in one or more of the optical fibers, 
3 ~ with frequencies of carrier signals in a third frequency band; fourth converting the plurality of 
r'^O second optical signals in the one or more optical fibers into one or more third electronic multicarrier 
PL! signals in the hub, with frequencies of carrier signals in the third frequency band; and fifth 

converting the frequencies and combining the carrier signals of the third electronic signals to provide 
^ the single second electronic signal. Preferably, in the system embodiment of the method, there are a 

plurality of nodes and each of the nodes is connected to a single respective coaxial cable network; 
25 the third converting uses a respective optical transmitter in each node to provide the second optical 
signals in different respective optical fibers with frequencies of the carrier signals in the first band; 
the fourth converting converts each of the second optical signals in a respective optical fiber into a 
respective third electronic signal with frequencies in the third band; and the frequency ranges of the 
first and third bands are approximately equal. Also, in the system embodiment of the method 
30 preferably, the fifth converting includes: converting the frequencies of carrier signals of the third 
electronic signals to provide respective fourth electronic signals each with carrier frequencies in a 
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different subband of the second frequency band; and combining the fourth electronic signals into the 
single second electronic signal. 

In a grouping embodiment of the method of the invention, the return signals from respective 
groups of multiple coaxial cable networks are combined. In that case, the first converting includes: 
third converting the plurality of separated first electronic signals in the nodes into a plurality of 
respective third electronic multicarrier signals with frequencies of carrier signals of each third 
electronic signal in a different subband of a third frequency band having maximum carrier frequency 
at least equal to the minimum carrier frequency of the first frequency band plus the number of 
second electronic signals converted into the first optical signal times the width of the first frequency 
band; and fourth converting the plurality of third electronic signals into the second signal. In this 
case, preferably, the third frequency band of the third electronic signals has the same frequency 
range as the second frequency band of the second electronic signals. Also, the first converting 
includes combining the third electronic signals to form the second electronic signals. Also, 
preferably, the grouping method further includes providing a fiber-hub and the maximum carrier 
frequency of the third frequency band is less then the minimum carrier frequency of the second 
frequency band. Also, the third converting, preferably includes: combining the plurality of third 
electronic signals into a single fourth electronic signal with frequencies of carrier signals in the third 
frequency band; fifth converting the fourth electronic signal into a second optical multi-carrier signal 
in one of the optical fibers with frequencies of carrier signals in the third frequency band; sixth 
converting the second optical signal in the optical fiber into a fifth electronic signal in the hub, which 
is approximately a duplicate of the fourth electronic signal; and seventh converting the fifth 
electronic signal with frequencies of carrier signals in the third frequency band into the second 
electronic signal with frequencies of carrier signals in the second frequency band. 

Other alternatives and advantages of the inventions herein will be disclosed or become 
obvious to those skilled in the art by studying the detailed description below with reference to the 
following drawings which illustrate the elements of the appended claims of the inventions. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



# 



Figure 1 illustrates portions of a hybrid fiber cable television network of the invention for 
converting return signals with low carrier frequencies from multiple coaxial cable networks into a 
5 single optical signal with high frequency carrier signals. 

Figure 2 presents an optical transmitter of the network of figure 1 . 

Figure 3 illustrates an optical receiver of the network of figure 1. 

Figure 4 displays an electronic up-converter of the network of figure 1. 

Figure 5 illustrates relations between selected apparatus of a hybrid fiber cable television 
10 network of the invention. 

Figure 6 shows more details of the head-end of figure 5. 

Figure 7 presents an example DWDM fiber-hub of figure -5. 

Figure 8 shows an example converting fiber- hub of figure 5. 
m Figure 9 shows customer interface units of the cable television network of figure 5. 

* J 5 Figure 10 illustrates an embodiment of the conversion apparatus of the invention. 

%i Figure 1 1 shows another embodiment of the conversion apparatus of the invention. 

l? x Figure 12 displays yet another example of the conversion apparatus of the invention. 

%3 Figure 13 illustrates an example function of noise due to stimulated Ramon scattering (SRS) 

3 in a fiber link depending on radio frequency of the signal. 

J.^O Figure 14 illustrates a lower frequency portion of the curve of figure 13 to a different scale. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



Figure 1 illustrates relevant portions of a hybrid fiber cable television network of the 
invention. At a head-end 101 (see figure 6), an optical transmitter 106 (see figure 2) converts an 
5 electronic multicarrier signal for analog television broadcast, into a optical multicarrier signal in 
optical fiber 107. Optical splitter 108 splits the optical signal up into a plurality of optical signals in 
different optical fibers for respective fiber-hubs such as fiber 113. The signal transmitted by 
transmitter 106 is a conventional analog television broadcast signal typical of cable television 
systems as described above with a carrier frequency band of nominally 50-550 MHz for NTSC and 
10 65-550 MHz for PAL broadcasts. 

Fiber 1 13 is connected to a fiber-hub 102 (see figure 7) by optical connector 1 1 1. An optical 
amplifier 1 12 amplifies the broadcast signal in fiber 113. The optical amplifier may be positioned in 
the head-end, intermediate between the head-end and the fiber-hub, or in the fiber-hub as shown. In 
p the fiber hub, an optical splitter 1 14 splits the broadcast signal from fiber 1 13 into a plurality of 
M5 optical broadcast signals for local nodes and routes the split-up signals into a plurality of respective 

^ a: 

SI optical signal paths 115-117, such as optical fibers. 

in At head-end 101, an array 150 of transmitters 151-152 convert different multicarrier forward 

%2 signals for digital television broadcasting and other services (e.g. interactive digital television, video 
3 " conferencing, telephone, internet, other appliances, security services) into multicarrier optical 
j!^0 forward signals in respective optical signal paths such as optical fibers. The wavelengths of the 
fij optical signals produced by each laser of the array of lasers, are sufficiently different from each 
^ other, so that, after the optical signals are combined together into a common optical fiber then they 
^ can be reliably and essentially completely recovered separate from each other. A dense wavelength 
division multiplexer (DWDM) 153 combines the different optical signals from the respective optical 
25 paths into a common forward optical fiber 154. Alternately, a multiple-to-one way optical coupler 
could be used to combine the optical signals from multiple fibers into one fiber, but would not have 
the side mode rejection and wavelength error rejection of a DWDM as discussed above. The 
frequencies of the carrier signals transmitted by the transmitters of the array are above 550 MHz and 
preferably, one or more of the transmitters provide a signal in a band nominally of approximately 
30 550-835 MHz. 
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Fiber 154 is connected to a fiber-hub 102 by optical connector 155. An optical amplifier 156 
amplifies the forward signals in fiber 154. Again, the optical amplifier may be positioned at the 
head-end, intermediate between the head-end and the fiber-hub, or at the fiber-hub as shown. 
Alternatively or in addition, optical. amplifiers may be positioned in the separate optical paths after 
DWDM 158 as discussed below. In the hub, DWDM 158 is used to separate the laser beams from 
common fiber 154 into respective optical signal paths 160-164, such as optical fibers for the forward 
signals. Signal paths 160-164 are routed to an array 1 18 of wavelength division multiplexers 
(WDMs) including one WDM for each forward signal receiver in the hybrid fiber cable nodes 
(HFCNs) 103 connected to the hub. Also, one of the signal paths 1 16-1 17 for the analog broadcast 
signal may be routed to each WDM in array 118. 

Each WDM in array 118, combines the analog broadcast optical signal and one or more 
forward optical signals into common optical fibers 124-127 for respective forward signal receivers in 
the HFCNs. Each of the optical signals combined in a WDM must have a different optical 
wavelength. Preferably, the carrier signals in each of the optical signals combined by the WDMs in 
array 1 18 are mutually different, in order to minimize SRS noise and to allow reception by the same 
photo-detector in the respective HFCN. One or more of the forward digital optical signals may each 
be routed to multiple WDMs, such as, the digital optical signal (e.g. digital television broadcast) in 
optical path 163 which is routed through splitter 165 to all of the WDMs of array 1 18. In addition 
(not shown), different digital broadcasts may be routed to different WDMs of array 1 18 to provide 
multicasting (i.e. different digital television broadcasts to different nodes). 

In HFCNs 103, such as HFCN 130, an optical receiver 135 (see figure 3) converts the optical 
signals in the common optical fiber 124 into electronic signals which are routed through a diplex 
filter 141 and into a coaxial cable network 136. 

In the HFCNs the same photo-detector is used to receive both the optical broadcast signal 
and one or more of the forward optical signals. This requires that the carrier signal frequencies used 
in the analog broadcast signal together with the carrier signal frequencies used in the forward digital 
optical signals be mutually different, so that, the carrier frequencies do not interfere with each other 
during reception. Commonly, carrier frequencies for NTSC analog broadcasting are nominally in a . 
band of 50-550 MHz with approximately 6 MHz spacing between carrier frequencies and carrier 
frequencies for PAL analog broadcasting are nominally in a band of 65-550 MHz with 
approximately 6 MHz spacing between carrier frequencies. A higher frequency range (e.g. 
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nominally 550-750 MHz) is commonly used for carrier signals to modulate the forward digital 
information signals. 

In the system of the invention, the distances that the forward optical signal travels between 
the head-end and the fiber-hub is much larger than the distances between the fiber-hub and the 
HFCNs. SRS is minimized in the forward transmission between the head-end and the fiber-hub by 
separating the optical broadcast signal containing lower frequency carrier signals from the optical 
forward signals. After the optical broadcast signal and forward optical signals are combined the SRS 
is minimized by minimizing the distance between the fiber-hub and HFCNs. 

In the HFCNs, such as HFCN 130, multicarrier return electronic signals from coaxial cable 
network 136 are separated from the analog broadcast and forward digital electronic signals by diplex 
filter 141. Optical transmitter 143 (see figure 2) converts the separated return digital electronic 
signals into return optical signals and transmits the return optical signals through optical fiber 144. 
HFCNs 130-134 transmit different respective multicarrier return optical signals in respective return 
optical fibers 144-148 which are routed back to fiber-hub 102. 

The radio frequencies of carrier signals in the return signals in the coaxial cable networks are 
commonly above 5 MHz and below the lowest carrier frequency of the broadcast signals (below 
about 50 MHz for NTSC broadcasting or below about 65 MHz for PAL broadcasts). The carrier 
frequencies in the same coaxial cable network may be separated by 6 MHz as in the broadcast signal 
or they may be separated by larger or smaller frequency spacing. The optical transmitters such as 
transmitter 143 use the multicarrier electronic return signals to modulate a laser beam. The 
transmitter may be a DFB laser directly modulated by using the electronic return signal as the bias 
current of the laser or the transmitter may have a continuous laser such as a Fabry-Perot laser and an 
external modulator that is modulated by the electronic return signal. 

At fiber-hub 102, return optical paths (170-174) are connected to return optical fibers 144- 
148 by couplers 175-179. Thus, each optical path 170-174 carries an input light beam modulated by 
an a multitude of carrier signals modulated by respective base band information signals. Each carrier 
signal in a light beam having a different radio frequency. 

Optical up-converter (180) converts the return light beams in multiple optical paths 170-174 
modulated by carrier signals in a lower frequency range into return light beams in optical paths 215- 
219 modulated by carrier signals in a higher frequency range. That is, each information signal that 
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modulates a carrier signal in optical signal paths 170-174 then modulates a higher frequency carrier 
signal in optical signal paths 215-219. 

In optical up-converter 180, input optical paths 170-174 are divided into groups of 1 to 6 
paths such as paths 170-173. The information signals carried by the light beams in a group of 
5 multiple input optical paths are all carried in a single return light beam in a single respective output 
optical path. That is, for example, all the return information signals from HFCNs 130-133, carried in 
input optical paths 170-173 are all carried in a single output optical path 215 toward head-end 101. 
More specifically, for example, the return information signals that modulate the carrier signals with 
frequencies between 5 and 50 MHz in input optical path 170, then modulate carrier signals with 
10 frequencies between 400 and 450 MHz in output optical path 215, The return information signals 
that modulate carrier signals with frequencies between 5 and 50 MHz in input optical path 171, then 
modulate carrier signals with frequencies from 450 and 500 MHz in output optical path 215. The 
return information signals that modulate carrier signals with frequencies between 5 and 50 MHz in 
n input optical path 172, then modulate carrier signals with frequencies from 500 and 550 MHz in 
'-35 output optical path 215. The return information signals that modulate carrier signals with frequencies 
%j between 5 and 50 MHz in input optical path 174, then modulate carrier signals with frequencies 
I* from 550 and 600 MHz in output optical path 215. Thus, four return light beams with information 
*3 signals that modulate carrier signals with frequencies of 5-50 MHz are converted into a single light 
5 C beam with the same information signals modulating carrier signals with frequencies of 400-600 
jiO MHz. Similarly, the information in 6 light beams with information signals that modulate carrier 
|M signals with frequencies of 5-50 MHz are converted into a single light beam with the same 

a- "i 

information signals modulating carrier signals with frequencies of 600-900 MHz in optical path 219. 
: U Both the 400-600 and 600-900 MHz bands are non-overlapping and less than half an octave wide. 

Using two non-overlapping bans reduces SRS and allows filtering out second order and fourth order 
25 distortions. 

This arrangement has the advantage that the information signals from the same HFCN can be 
easily separated from the information signals from other HFCNs in the output optical path because 
all the signals from the same HFCN are in the same frequency band, for example, the information 
signals from HFCN 130 in optical path 170 all modulate carrier signals in a single band of 400-450 
30 MHz in optical path 215. 
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In this system, the return distances between the HFCNs and the fiber-hub are much shorter 
than the distance between the fiber-hub and the head-end. SRS is minimized in the return 
transmission between the HFCNs and the fiber-hub by minimizing the distance between the HFCNs 
and the fiber-hub. The SRS is minimized in the return transmissions between the fiber-hub and the 
head-end by using higher frequency carrier signals in the optical transmissions from the fiber-hub to 

the head-end. As explained above, SRS decreases by a factor of 4 when carrier frequency is doubled. 

\ 3 
In optical up-converter (180), an array \& \ of optical receivers 182-185 (see figure^) convert 

a multitude of multicarrier return light beams in Respective optical paths 170-174 into a 

corresponding multitude of electronic return signals in respective input electronic paths or 

conductors 190-198. Thus, the same information signals that modulate carrier signals that modulate 

the light beams in input optical paths 170-174, also modulate carrier signals that modulate current 

(or potential) in input conductors 190-198, the carrier Signals having the same frequencies in the 

input optical paths as in the input conductors. An array G00 of electronic up-converters 201-204 

convert the multicarrier electronic return signals in inpu\ conductors 190-198, modulated by carrier 

signals in a lower frequency range, into multicarrier electronic return signals in input conductors 

205-208 modulated by carrier signals of a higher frequencV That is, each return information signal 

that modulates a carrier signal in conductors 190-198, also modulates a higher frequency carrier 

signal in conductors 205-208. \ 

Input conductors 190-198 are divided into groups of 1 to 6 paths such as input conductors 

190-193. All the return information signals carried in the group of multiple input conductors 190- 

193 are all carried in a single output conductor 205 after the up-converting. More specifically, for 

example, the return information signals the modulating carrier signals with frequencies between 5 

and 50 MHz in input conductor 190, then modulate carrier signals with frequencies between 400 and 

450 MHz in conductor 205. The return information signals modulating carrier signals with 

frequencies between 5 and 50 MHz in input conductor 191, then modulate carrier signals with 

frequencies from 450 and 500 MHz in input conductor 205. The return information signals 

modulating carrier signals with frequencies between 5 and 50 MHz in input conductor 192, then 

modulate carrier signals with frequencies from 500 and 550 MHz in input conductor 205. The return 

information signals modulating carrier signals with frequencies between 5 and 50 MHz in input 

conductor 193, modulate carrier signals with frequencies from 550 and 600 MHz in output 

conductor 205. Thus, four return signals with information signals that modulate respective carrier 
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signals with frequencies of 5-50 MHz are converted into a single return signal with the same 
information signals modulating carrier signals with frequencies of 400-600 MHz. Similarly, the 
information in 6 return with information signals that modulate carrier signals with frequencies of 5- 
50 MHz are converted into a single return signal with the same information signals modulating 
carrier signals with frequencies of 600-900 MHz. ^ 

An array 209 of optical transmitters 210-214 (see figured) convert each multicarrier return 
electronic current signal carrying the highW frequency carrier signals carrying return information 
signals in conductors 205-208 into a corresponding multicarrier return light beam carrying the same 
higher frequency carrier signals carrying the\same return information signals in respective output 
optical paths 215-219. Each return light beaiAin optical paths 215-219 has a different respective 
optical wavelength with sufficient spacing between the wavelengths for subsequently separating the 
light beams using a DWDM after they are combined into the same common optical fiber. Preferably, 
the wavelength of the light beams in paths 215-2 J£ are between 1220 and 1360 nm or between 1480 
and 1620 nm. 

The optical up-converter 180 al^o includes DWDM 220 which combines all the optical 
signals (light beams) in optical paths 215*219 into a single common optical path 221. Output coupler 
(222) connects common fiber (223) to output optical path (221). Controller 225 controls the 
conversion of frequencies in electronic up-co\verters 201-204 and controls the wavelength of laser 
transmitters 210-214. In addition, (not shown) fhe controller may control the connections between 
the optical receivers 182-185 and electronic up-c\nverters 201-204 and/or between electronic up- 
converters 201-204 and laser transmitters 210-214\n order to provide flexibility and rerouting 
around failed components such as failed laser transmitters. The controller may control various 
portions of the receivers end transmitters as describedVelow with reference to figures 2 and 3. 

At the head-end, VWDM 240 separates the mulMple light beams from common optical fiber 
223 and routes a single respective light beam into each o\e of single optical paths 241-242. An array 
243 of receivers 244-245 convert the return light beams inVespective optical paths 241-242 into 
respective electronic return signals in respective optical pattts 246-247. The electronic return signals 
contain the same carrier signals modulated by the same information signals as the respective optical 
return signals. x 

Figure 2 illustrates optical transmitter 250 ofthe invention which converts a multicarrier 
electronic signal (current and/or potential modulated) mto a multicarrier optical signal (frequency or 
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amplitude modulated). In the signal path through transmitter 250, multicarrier electronic signals are 
received into the transmitter through a transmission line 251. Preshaper 253 changes the relative 
amplitude of the signals, so that, signals with very high amplitudes are reduced and signals having 
lower amplitudes are not changed. The preshaper may be a simple truncating of the signal, but more 
preferably, is a modification of the signals that can be reversed by a postshaper in the receiver 
discussed below. This preshaping prevents cut-off of higher amplitude negative excursions and 
distortion of higher amplitude positive excursions. Precompensator 256 compensates for second- 
order, third-order and possibly higher order distortions, as discussed below due to modulation of the 
laser beam in a DFB laser, and in transmission of the laser beam through the optical cable, and in 
receiving the laser beam (conversion from an optic into an electronic signal). The order of the 
preshaper and precompensator in the transmitter signal path is not critical. 

For transmitters using a DFB laser, the -electronic signal is used as the bias current for the 
laser and the signal must be biased, so that, negative excursions are above a positive cut-off current 
of the laser, but positive excursions are not so high that they become distorted. Biaser 258 biases the 
signal to convert the signal from a signal with a mean current level of zero to a signal with a positive 
mean current level. For an externally modulated laser, a biasing circuit may not be required. Power 
amplifier 260 amplifies the signal to the ideal power level for the particular laser transmitter used for 
transmission. The power amplifier 260 may include multiple stages (not shown). Biaser 258 and 
amplifier 260 may be integrated into a single unit. Although a preamplifier stage 252 may be 
included earlier in the transmitter path, preferably, power amplification is performed after 
preshaping and precompensation. 

Laser package 262 converts a modulated electronic signal into a modulated optical signal 
with the same modulation as the electronic signal. The laser package may consists of a laser portion 
263 a modulator portion 264. For a DFB laser the two portions are integrated into a single solid state 
device. Alternatively, the two portions may be a continuous. laser such as a Fabry-Perot laser and an 
external modulator, in which case, transmission medium 264 may include an optical lens system and 
fiber and the laser and modulator may be physically separated by a substantial distance. Optics 
system 267 directs modulated laser beam 266 into the end of optical fiber 268, and coupler 269 
connect between fiber 268 and optical fiber 270. 

Preferably, one or more of the components of the transmitter are controlled by control line 
271. The optical wavelength of laser 263 must be precisely controlled because of the use of DWDMs 
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in the system of the invention, precompensator 256 may have to be adjusted depending on changes 
in the length of the fiber through which the optical beam is transmitted and because the distortion 
properties of the laser may change over time, and power amplifier 260 may need to be adjusted 
because the output level of the solid state laser may change over time or system requirements may 
5 change. 

Figure 3 illustrates optical receiver 280 of the invention which converts a multicarrier optical 
signal (frequency or amplitude modulated) into a multicarrier electronic signal (current and/or 
potential modulated). The signals are described in more detail below. In the signal path through the 
optical receiver, optical fiber 281 is connected to optical path 283 (e.g. another fiber) through fiber 
10 connector 282. Fiber 283 is connected to photo detector 286 by connector 284. Connector 286 may 
be a lens system or a direct attachment to the photodetector. The photo detector is preferably, a PIN 
diode but may alternatively be an avalanche diode or any known apparatus for detecting light. The 
photo-detector typically modulates current through the photo-detector depending on the modulation 
1 3 of the received multicarrier optical signal. Thus, the modulation of the multicarrier electronic signal 
U5 is similar to the modulation of the received optical signal. Preamplifier 288 amplifies the electronic 

signal sufficient for processing the signal. 
JfJ Postcompensator 290 compensates for second-order, third-order and possibly higher order 

%j distortions as discussed below. The distortions are due to pretransmission power amplification 
a transmission from the laser, transmission of the laser beam through the optical fiber, receiving the 
!J20 laser beam (conversion from an optic into an electronic signal) preamplication of the received signal 
IL1 and power amplification of the received signal. Preferably, precompensation at the transmitter 
1% compensate for distortion due to pretransmission amplification and conversion of the. electronic 
^3 signal into an optical signal at the transmitter. Its likely that at least some of the optical signals in the 
system will be split into sub-signals that will travel to different receivers through paths of different 
25 length, so that, compensation that depends on fiber length is required at the receiver. Postshaper 292 
changes the relative amplitude of the signals, so that, signals with very high amplitudes are increased 
and signals having lower amplitudes are not changed. Preferably, the postshaping reverses the 
effects that a preshaper in the transmitter has on the signal. Of course if the preshaper simply 
truncates the signal then a postshaper would not be useful. 
30 Filter 294 filters out distortion and noise in the signal that is outside the nominal frequency 

band of the signal. When the frequency band of the carrier signals is less than one octave wide then 
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essentially all the second order distortion can be filtered out and. when the frequency band of the 
carrier signals is less than half an octave wide then essentially all the fourth order distortions can be 
filtered out. In addition, some of the third order and higher order distortions can be filtered out, and 
narrowing the band width of the carrier signals increases the effectiveness of the filtering. Also, in 
5 the common optical fiber of a DWDM system, there is SRS crosstalk between light beams, which 
results in noise outside the carrier band of the optical signals which filtering will remove. 

Filtering is especially useful when the electronic signals will be combined with other 
electronic signals that have a different carrier frequency band. For example, in an HFCN, if the 
analog broadcast signal and the forward digital signal are received by different photo-detectors, then 
10 the forward digital signal can be filtered before it is combined with the analog television signal in the 
coaxial cable network, so as to prevent interference with the analog broadcast signal by distortion 
and SRS in the forward digital signal. 

Power amplifier 296, amplifies the electronic signal for transmission through transmission 
y line 298. Preferably, the power amplifier is located after any postcompensator and postshaper to 

5 minimize power loss in those portions of the system. 
V J Preferably, one or more of the components of the receiver are controlled by control line 299. 

l[j The bias of the photo-detector may have to be adjusted due to changes in the input power of the 
^ optical signal or due to degradation of components of the system, precompensator 256 may have to 
a be adjusted depending on changes in the length of the fiber through which the optical beam is 
f£0 transmitted, and power amplifier 298 may need to be adjusted because system requirements may 
fU change. 

. In figure 4, electronic up-converter 300 receives a plurality of first multicarrier electronic 

%J signals through transmission lines 302-303 connected to respective frequency changers 304-305 
which convert the first multicarrier electronic signals into second multicarrier electronic signals in 

25 transmission lines 306-307. Each information signal that modulates one of the carrier signals in the 
first multicarrier signals is different than any other information signal of the first multicarrier signals, 
and each such information signal of the first multicarrier signals also modulates a corresponding 
higher frequency carrier signal in the second multicarrier signals. The carrier frequencies of the first 
multicarrier signals are all in the same 5-50 MHz frequency band and the carrier frequencies in the 

30 second multicarrier signals are all in a higher frequency band. The carrier signal frequencies in each 
of the first multicarrier signals can be the same as carrier signal frequencies in others of the first 
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multicarrier signals, but each of the carrier signal frequencies in the second multicarrier signals is 
different from the frequency of any other carrier signal in any other of the second multicarrier 
signals. Preferably, either the carrier signal frequencies of 4 second multicarrier signals are in a 
frequency band of 400-600 MHz or the carrier signal frequencies of 6 second multicarrier signals are 
in a frequency band of 600-900 MHz. Preferably, the carrier frequencies of each of the second 
signals are in a mutually different portion of the frequency band of either the 400-600 or 600-900 
MHz frequency band. 

Combiner 310 combines the plurality of second carrier signals in respective transmission 
lines 307-307 into a single third multicarrier signal with the same carrier frequencies as in the second 
multicarrier signals in transmission line 312. 

Figure 5 illustrates the cable television system of the invention for providing additional 
services to customers. Head-end 321 is connected to telephone system 322, computer system 323 
(e.g. the internet), and television system 324 (e.g. television networks) for bi-directional 
communication with each of these systems to provide additional services. 

Fiber-hub 330 is connected by single fiber 331 to head-end 321. In this case, the same fiber is 
used for the analog television broadcasting optical signal, forward digital optical signals, and return 
digital optical signals. All the carrier frequencies of the digital optical signals are high frequency so 
cross talk between the digital optical signals and the analog optical signal should be minimized. 
Cross talk between second order distortions of the digital optical signal and the analog broadcasting 
signal should be reduced by precompensating the digital signals to minimize distortion due to the 
laser and optical transmission through the fiber. 

Fiber-hub 332 is connected by two fibers 333 and 334 to head-end 321. In this case, fiber 333 
carries the analog television broadcast signal and fiber 334 is used for digital optical signals in both 
the forward and return directions. The wavelengths of two optical signals traveling through the fiber 
in opposite directions can be the same if sufficient optical isolation is provided for the laser 
transmitters. The SRS noise resulting in multiple optical signals traveling through a fiber in opposite 
directions is similar to the SRS resulting in multiple optical signals in the same direction, and is 
minimized in the invention by using high frequency carrier signals for the return digital signals. 
Alternatively, each of fiber 333 and 334 can be used as fiber 33 1 is used as described above, to 
provide a larger number of digital optical channels while only slightly degrading the analog 
broadcast opiical signal. 
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Fiber-hub 336 is connected by three fibers 337-339 as described above for figure 1. Fiber 337 
is used for analog broadcasting, fiber 338 is used for forward digital optical signals and fiber 339 is 
used for return digital optical signals. Alternatively, both fibers 338 and 339 can be used for digital 
optical signals in both the forward and return directions in order to increase the capacity of the 
5 system. Larger numbers of fibers can be provided, and preferably, for new installations 8 fibers is 
preferred with no DWDM (or if required then DWDM installed on only 2 of the fibers), in order to 
minimize initial cost. 

Converting hubs 340 and 344 are similar to the fiber-hub of figure 1. They have an optical 
up-converter such as 180 of figure 1 except they not have any DWDMs, so that, each forward and 
10 return digital optical signal requires a separate fiber. Converting fiber-hubs 340 is connected by fiber 
341 to fiber-hub 332. In this case, the same fiber is used for the analog television broadcasting 
optical signal, a forward digital optical signal, and a return digital optical signal. The analog optical 
signal and the forward digital optical signal must have different optical wavelengths since they are 
^ traveling in the same direction and would otherwise interfere. All the HFCNs connected to 
H5 converting hub 340, receive the same analog broadcast signal and the same forward digital signal 
%j The optical return signals from all the HFCNs connected to converting fiber-hub 340 are optically 
*7i up-converted into a single return optical signal. For example, if 6 HFCNs are connected to the 
%J converting fiber-hub, then their optical return signals may be up-converted into a single optical 
a signal with carrier signals from 600 to 900 MHz. All the carrier frequencies of the digital optical 
120 signals are high frequency so cross talk between the digital optical signals and the analog optical 
f Li signal should be minimal. 

Converting fiber-hub 344 is connected to head-end 321 by fiber 345 for analog broadcasting 
O optical signals and one or more fibers 346-347 for digital optical signals. At least one fiber is 

required for digital optical signals for each 4 to 6 HFCNs that are connected to a converting fiber- 
25 hub. 

An optical fiber network connects between each fiber-hub and a respective plurality of 
HFCNs (e.g. 40), but only a few of the HFCNs connected to fiber-hub 33 1 are shown to simplify 
illustration. 

HFCN 362 is connected by a single optical fiber 361 to fiber-hub 331. The single fiber is 
30 used for the analog broadcast optical signals, forward digital signals, and return digital signals. The 
fiber is attached to a WDM in the fiber-hub which combines the analog and forward digital signals 
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and separates the return digital signal from fiber 361. Then the optical return signal is routed from 
the WDM to an optical up-converted and up-converter as described in relation to figure 1. 

HFCN 365 is connected with fiber hub 33 1 by a pair of fibers 363, 364. One of the fibers can 
be used for analog broadcast signals and forward digital signals and the other used to return digital 
5 signals as shown in figure 1 . Alternatively, one of the fibers can be used for the analog broadcast 
signals and the other fiber used for both forward and return digital signals. In that case, return digital 
optical signals would be routed from the WDMs of array 1 18 to the optical up-converter. 
Alternatively, both of the fibers could be used for analog broadcast signals and for both forward and 
return digital signals as described for fiber 361 above, 
10 HFCN 370 is connected by three fibers 367-369 with fiber-hub 33 1. One of the fibers can be 

used for analog broadcast signals, a second fiber can be used for forward digital signals and the third 
fiber can be used for return digital signals. Alternatively, both the second and third fibers could be 
used for both forward and return digital signals to provide increased capacity, or all three fibers used 

n for analog broadcast signals and for both forward and return digital signals as described for fiber 361 

^5 above. 

-J One or more independent coaxial cable networks is attached to each HFCN but only a small 

iy portion of one network attached to HFCN 336 is shown in figure 5 in order to simplify illustration 
^ ! and description. Branching tree-like coaxial cable network 371 connects between HFCN 366 and a 
i3 plurality of CUIs (e.g. 500) as shown. The network includes bi-directional amplifiers such as 
5^0 amplifier 382 positioned every 300 to 600 meters along the cable in order to amplify the electronic 
signals in each direction in the coaxial cable network. 

Figure 6 illustrates more details of a head-end 400 of a cable television network of the 
invention in which multicarrier return digital signals have high frequency carrier signals. Television 
gateway 402 is connected to a plurality of programming providers to receive television programs for 
25 analog broadcasting, digital broadcasting (e.g. pay per view), private interactive viewing, and for 

transmitting video programming signals produced by customers in the cable television system out of 
the system. Internet gateway 403 is connected to the internet for high speed transmission and 
reception of computer data which may include internet pages, digital pictures, digital video data, 
video conferencing, digital audio files and other types of data. Telephone gateway 404 is connected 
30 to the telephone system, so that, telephone service can be provided through the cable television 
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network. Access controller 408 is connected to each of the gateways to route signals between the 
gateways and other portions of the cable television system. 

Base-band analog television broadcast electronic signals travel from the access controller 
though a multi-conductor cable to forward units 411 and 412. Each channel of programming is 
5 provided with a different respective conductor in the cable. The forward units convert the electronic 
baseband television signals into optical multicarrier signals. Only the details of one of the forward 
units is shown in order to simplify illustration and description. Modulators 413 use the baseband 
electronic signals to modulate respective carrier signals having mutually different respective radio 
frequencies in order to provide modulated carrier signals. The modulated carrier signals are 
10 combined by combiner 414 to form a multicarrier television broadcast electronic signal. Transmitter 
416 uses the multicarrier signal to modulate a laser beam to form an analog optical signal for 
television broadcast in optical path 417. Optical couplers 419, 420 connect respective optical paths 
417, 418 to respective optical fibers 421, 422. 
3 Communication units 425-430 convert forward digital electronic signals into forward digital 

J 5 optical signals and convert return digital optical signals into return digital electronic signals. 
J Only the details of communication unit (CU) 425 is shown for simplifying illustration and 

" description. The details of the other CUs are similar and may be identical. Modulator 43 1 receive a 
3 plurality of digital baseband signals in respective conductors of cable 432 routed from access 

controller 408. Preferably, the digital baseband signals are multilevel quadrature phase shift keyed 
*20 (QPSK) signals such as 16, 64, or 256 QPSK signals. The baseband signals are used to modulate 
Li respective carrier signals of different respective frequencies (e.g. 550 to 835 MHz). Combiner 433 
?[ combines the modulated carrier signals to form a forward multicarrier digital signal. In transmitter 
3 435, multicarrier signal is used to modulate a laser beam to form a forward multicarrier digital 
optical signal. Coupler 436 routes the forward optical signal from the transmitter into common 
25 optical path 437, and routes a return multicarrier digital optical signal from common optical path 437 
to optical receiver 438. The receiver converts the optical return signal into an electronic return 
signal. Separator 439 separates (tunes) each of the modulated carriers into separate conductors and 
demodulator 440 converts the modulated carrier signals into a baseband signals in separate 
conductors of cable 441 which routes the baseband signals to access controller 408. 
30 For optical signals between the head-end and a respective DWDM fiber-hub, the optical 

signals are routed through DWDMs 450, 45 1 which combine the forward optical signals from each 
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respective CU traveling to the fiber-hubs and which separate the return optical signals from the fiber 
hubs for each respective CU. 

The optical signals travel between the head-end and the fiber-hubs (DWDM fiber-hubs and 
converting fiber-hubs) through optical fibers 452-453 which are connected to the head-end by 
optical couplers 454-455. 

In Figure 7, a DWDM fiber-hub 500 of the invention receives analog broadcast television 
signals from optical fiber 501 through coupler 502 to optical splitter 504 which provides 
approximately equal portions of the analog broadcast optical signal through paths 505-506 for each 
of one or more hub conversion units (HCUs) 536-538 and through paths 507-508 that are connected 
by optical connectors 510-51 1 to optical fibers 512-513 for each of one or more conversion fiber- 
hubs that are connected to the DWDM fiber-hub. 

DWDM fiber-hub 500 is connected to the head-end by a common optical fiber 520 for the 
hub, which is connected to DWDM 524 by optical connector 525. A multitude of forward digital 
multicarrier optical signals with mutually different respective optical wavelength are routed through 
optical fiber 520, and a multitude of return digital multicarrier optical signals with mutually different 
respective optical wavelength are routed through common optical fiber 520 between the DWDM 
fiber-hub and the head-end. A multitude of optical paths 526-529, connected to DWDM 524, each 
carry optical signals of a single wavelength, the single wavelength of each of the paths being 
different than the wavelength of any other of paths 526-529. Each path carries a forward and/or a 
return multicarrier digital optical signals with the same optical wavelength. One or more of paths 
526-527 are connected by respective connectors 532-533 to respective optical fibers 534-535 for one 
or more converting fiber-hubs connected to DWDM fiber hub 500. One of more of paths 528-529 
are connected to respective hub conversion units (HCUs) 536-537. Respective optical connectors 
540-541 connect HCUs 536-537 to optical fibers 540-541 which extend to respective HFCNs. The 
HCUs up-convert return optical signals from the HFCNs with lower frequency carrier signals into 
return optical signals with higher frequency carrier signals. 

In describing the HCUs, only the details of HCU 536 will be described in order to simplify 
illustration and description. The other HCUs are similar and may be identical. HCU 536 contains 
multiple hub conversion modules (HCMs) 550-551 that convert return optical signals with lower 
frequency carrier signals from the HPCNs into electronic signals with higher frequency carrier 
signals. The HCMs also route forward optical signals (analog and digital) to corresponding HFCNs. 
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In HCU 536, optical splitter 552 splits the analog broadcast optical signal in path 505 into 
approximately equal portions which are routed through optical paths 553-554 respectively to HCMs 
550-551. Similarly, optical splitter 555 splits the forward digital optical signal in optical path 528 
into approximately equal portions which are routed through optical paths 556-557 to each respective 
HCM Forward multicarrier electronic signals from respective HCMs are routed through electrical 
conductors 558-559 to combiner 560 which combines all the electronic signals for the HCU into a 
single forward multicarrier electronic signal. Transmitter 562 modulates a laser beam with the single 
multicarrier electronic signal to produce a forward multicarrier optical signal in optical path 563. 
Optical splitter 555 routes the return multicarrier optical signal for the HCU from optical path 563 
into optical path 528. 

In describing the HCMs, only the details of HCM 550 will be described in order to simplify 
illustration and description. The other HCMs are similar and may be identical. In HCM 550, WDM 
572 routes the return optical signal from common optical path 570 to optical path 575. Receiver 576 
converts the return optical signal in optical path 575 into a return input electronic signal in 
electrically conductive path 577. Frequency converter 578 converts the return input electronic signal 
in conductive path 577 into a return output electronic signal in electrically conductive path 558. The 
return input electronic signal having a multitude of carrier signals of mutually different frequencies 
and the return output electronic signal having a corresponding multitude of carrier signals of higher 
frequency than the return input electronic signal. The carrier signals of the return output electronic 
signal are modulated by the same return information signals as the carrier signals of the return input 
electronic signal. Controller 580 controls receiver 576 frequency converter 578 and transmitter 562 
as previously described for controller 225 with reference to figures 1-3. 

Figure 8 illustrates a converting fiber-hub 600 which is similar to the DWDM fiber-hub of 
figure 7, but has no DWDM, so that, separate fibers 602-603, extending between the converting fiber 
node and the head-end (or a DWDM fiber node), are required for each respective HCU 606-608. 
HCUs 606-608 are similar to HCU 536 of figure 7 and needs no further description. Optical fiber 
606 carries forward analog broadcast signals which are separated into multiple signals for respective 
HCUs by splitter 607. One or more optical fibers 608-609 extend between the converting fiber node 
and respective HFCNs. 

Figure 9 illustrates an example of the customer interface 650 of the system of the invention. 
Customer interface unit (CIU) 651 is connected through coupler 652 to a coaxial cable 653 of a 
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coaxial cable network of the cable television system of the invention. The CIU includes an interface 
for television and other interfaces for various other services provided through the cable television 
system in addition to broadcast television. Television equipment 655 (e.g. a television network with 
televisions, DVD recorder/players, audio equipment, video conferencing equipment) is connected to 
television interface 656. Telephone equipment 657 (a telephone network with telephones) is 
connected to telephone interface 656. Computer equipment 659 (e.g. personal computer, printer, 
scanner) is connected to a computer interface 660. Appliances 661 (e.g. oven, range, refrigerator, 
microwave, sprinkler system, heating and air conditioning) are connected to appliances interface 
662. Security equipment 663 (continuity loops, motion detectors, electromagnetic beams, light 
detectors) are connected to the security interface 663. 

Figures 10-12 illustrate alternative embodiments of portions of the cable television system of 
the invention. In general, only the differences between these alternative embodiments and the 
embodiment shown in Figures 1-8 will be discussed. Generally, in newly installed systems, 
preferably, each HFCNs will have one coaxial cable network attached thereto, but as systems are 
upgraded, different configurations will emerge. The example embodiments were selected to show a 
variety of different configurations to illustrate the wide applicability of the inventions herein 

In figure 1, HFCN 134 includes a WDM[lTO)b separate the analog broadcast optical signal 
from the forward digital signal. Separate receivers KM/and 172 are used for each respective signal to 



convert the optical signals to electronic signals. Separate receivers allows post-processing the 
forward digital electronic signal before it is combined with the analog broadcast electronic signal 
The post-processing may include shaping, post-distortion, and/or filtering e.g. filtering out of some 
of the distortions in the forward digital signals, so as tareduce noise in the analog broadcast signal. 
Essentially all second order distortions could be filtered out, if the range of carrier signal frequencies 
in each separated beam carrying the forward signals, is limited to less than an octave (e.g. 550-1 100 
MHz). More preferably, two light beams for forward digftal signals are each limited to carrier 
frequency ranges of less than half an octave, so that, essentially all 4th order distortions could be 
filtered out (e.g. 550-835 MHz and 835-1260 MHz). AlsoAthe narrower the carrier frequency band, 
the more third order distortions and higher order distortions\can be filtered out. After post-processing 
combiner 703 combines the analog broadcast signals and fofy/ard digital signals into coaxial cable 
network 140. 
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In figure 10, DWDM fiber-hub 751 is similar to the one shown in figure 7, but does not 
contain any optical up-converter since in this case, HFCN 752 up-converts the electronic return 
signals returned from the CIUs from a multicarrier signal with lower frequency carrier signals to a 
multicarrier signal with higher frequency carrier signals. Each return electronic signal is received by 
the HFCN with carrier frequencies in a bandwidth of 5-50 MHz and the HFCN converts the return 
signal, so that, the carrier frequencies are in a bandwidth of 400-600 MHz or 600-900 MHz, 
Preferably, in this case, multiple coaxial cable networks 753-754 may be connected to each HFCN 
node, so that, the 400-600 or 600-900 MHz bandwidth can be more fully utilized. This is especially 
useful for upgrading the nodes. 

Respective diplex filters 755-756 separate the 5-50 MHz return electronic signals from the 
50-835 MHz forward signals in respective coaxial cable networks. Frequency converters 757-758 
convert the 5-50 MHz signals into electronic return signals with carrier frequencies in a band of 400- 
600 MHz or 600-900 MHz (HFCNs convert the signals to a 400-600 MHz band for some HFCN 
transmitters and convert the signals to a 600-900 MHz band for other HFCN transmitters so that, in 
the common optical fiber, crosstalk will be minimized). The return signals from each frequency 
converter are combined by combiner 759. The frequency of each carrier signals is different than the 
frequency of any other carrier signal in the up-converted signals that are combined by combiner 759. 
The up-converted return multicarrier electronic signal is converted into a return optical signal by 
transmitter 760 (see figure 2) and routed by optical splitter 752 into common optical fiber 762. 

Forward multicarrier optical signals in common optical fiber 762 are routed by splitter 761 to 
receiver 764 (see figure 3) which converts the forward optical signals into a forward multicarrier 
electronic signal. Signal splitter 765 routes the same forward signal to each respective coaxial cable 
network. There are many more channels available in the forward digital electronic signal then in the 
return digital electric signal for a coaxial cable network, so that, the same forward digital signal may 
be shared by multiple coaxial cable networks. 

In DWDM fiber node 751, return digital optical signals are routed through WDMs 770-771, 
optical paths 772-773, and DWDM 774 to common fiber 775. Forward digital optical signals from 
the head-end are routed from common fiber 775 through DWDM 774, through optical paths 772- 
773, through WDMs 765-766 into common fibers 762-763. The forward and return optical signals 
for the HFCN may have different optical wavelengths in which case two optical paths between 
DWDM 774 and WDM 770 is required, or preferably, the same optical wavelength is used for the 
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forward and return digital optical signal, so that, only one optical path is required as shown in figure 
7. Forward analog broadcast signals are routed from fiber 780, through splitter 781, through separate 
optical paths 782-783 to WDMs 770-771 and through common optical fiber 762 to HFCN 752. 

In figure 1 1 converting fiber-hub 791 is similar to the one shown in figure 8, and HFCN 792 
is similar to the one shown in figure 10, except that separate fibers for forward analog, forward 
digital, return digital optical signals are provided between the converting fiber-hub and the HFCNs. 
In this example embodiment, frequency conversion occurs in both the HFCN and in the fiber-hub, so 
that, one transmitter in the HFCN can transmit return signals from multiple coaxial cable networks. 

In HFCN 792, respective diplex filters 795-796 separate the 5-50 MHz return electronic 
signals from the 50-835 MHz forward signals in respective coaxial cable networks 793-794. The 
carrier frequencies in return signal of each of the coaxial cable networks are the same, so that, the 
signals can not be directly combined. Frequency converters 797-798 convert the 5-50 MHz signals 
into electronic return signals with different carrier frequencies, for example, the return information 
signals from each coaxial cable network modulate carrier signals with frequencies in different 
respective portions of a band of 100-200 MHz. This allows a simple low frequency up-converter to 
be used in the HFCNs. The return signals from each frequency converter are combined by combiner 
799. The frequency of each carrier signals is different than the frequency of any other carrier signal 
in the up-converted signals that are combined by combiner 799. The up-converted return multicarrier 
electronic signal is converted into a return optical signal by transmitter 800 (see figure 2) and routed 
by optical splitter^792anto a separate optical fiber 802. 

Forward digital optical signals in separate optical fiber 804 are routed to receiver 806 (see 
figure 3) which converts the forward digital optical signal into a forward digital electronic signal. 
Forward analog optical signals in separate optical fiber 807 are routed to another receiver 809 which 
converts the optical signals into forward analog electronic signals. The forward digital signals and 
the forward analog signals are combined by combiner 810 and the combined forward signal is routed 
to signal splitter 81 1 to provide the same forward signal to each respective coaxial cable network. 
Preferably, the carrier signals in forward digital electronic signals are in a frequency band which is 
less than an octave (e.g. 550-1 100 MHz), so that, essentially all the second order distortions and 
some higher order distortions can be filtered out in receiver 806. More preferably, if the band of the 
carrier frequencies of the forward digital signal is less than half an octave then essentially all the 
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second and forth order distortions can be filters out along with more of the third order and higher 
order distortions. 

In converting fiber node 791, input return optical signals in separate fibers 802-803 are 
routed to similar respective hub conversion modules (HCMs) 815-816. Forward and return optical 
signals travel between the HCMs and the head-end (or a DWDM fiber-hub) through optical fibers 
817-818. These HCMs are similar to the HCMs of the DWDM fiber-hub of figure 7 and only the 
differences will be discussed in detail. HCMs 815-816 may be identical and only HCM 815 will be 
described. 

In HCM 815, receiver 820 (see figure 3) converts the input return optical signal to an input 
return electronic signal. The input return electronic signal is routed to frequency converter 821 
which converts the input return electronic signal into an output electronic return signal with higher 
frequency carrier signals than the input return signal. For example, input return signals with a carrier 
frequency band of 100-200 MHz are converted to output return signals with a carrier frequency band 
of 400-600 MHz for some HCMs and 600-900 MHz for other HCMs. The output return electronic 
signal is routed to transmitter 822 (see figure 2) which converts the output return electronic signal to 
an output return optical signal. Splitter 823 routes the output return optical signal into common fiber 
817 and routes the forward digital signal from common fiber 817 into fiber 804. Controller 829 
controls receiver 820, frequency converter 821 and transmitter 822 as previously described for 
controller 225 with reference to figures 1-3. 

In DWDM fiber-hub 791, splitter 825 routes the forward analog optical signal from common 
optical fiber 826 to multiple optical fibers 807-808 which are connected to respective HFCNs. 
Controller 829 is connected to receive the output (and possibly also the input) return electronic 
signal from each HCM and to control the apparatus of each HCM. For HCM 815, controller 829 is 
connected to receiver 820 as described for figure 2, is connected to frequency controller 821 to 
control the frequency conversion of each carrier signal, and is connected to transmitter 822 as 
described for figure 3 . 

In figure 12, DWDM fiber-hub 83 1 is similar to the DWDM fiber-hub shown in figure 7, 
except that the forward analog optical signal is not routed to the HCUs and then to the HCMs for 
combination with the forward digital signal in common optical fibers routed to respective HFCNs as 
in figure 7. In figure 12, the forward analog signal travels from hub 831 through respective separate 
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optical fibers to each respective HFCN. Thus, the requirement for a WDM in each HCM is 
eliminated. 

Also, HFCN 832 is similar to HFCN 130 in figure 1, except for a few notable differences. 
The apparatus of HFCN 130 in figure 1 is included in node units which are multiplied in HFCN 832 
5 of figure 12 to provide for multiple coaxial cable networks connected to the same HFCN. Although 
multiple coaxial cable networks for each HFCN is not preferred for initial installations, this may be a 
desirable upgrade path, and is included to generalize the discussion. The forward analog optical 
signal is routed to the HFCN in a separate optical cable, thus requiring an additional optical receiver 
and splitter in the HFCN and a combiner for each respective coaxial cable network. Also, in addition 
10 to the forward digital signal for additional services, another separate forward signal is routed through 
a separate optical fiber for forward digital broadcast television. Providing separate optical signals for 
digital broadcast and digital signals for additional services allows more capacity and or provides a 
narrower signal band in the forward signals for improved filtering of distortions. 
13 In HFCN 832, respective similar node units (NUs) 833- 834 receive different respective 5-50 

"'35 MHz return digital electronic signals from different respective coaxial cable networks 833-834. The 
Sj node units may be identical and only node unit 835 will be discussed. Diplex filter 837 separates the 
iy return electronic signals with carrier frequencies in a band of 5-50 MHz from the forward electronic 

signal in bands of 50-875 MHz. Transmitter 838 (see figure 2) converts the return electronic signal 
a to a return optical signal. Optical splitter 839 routes the return digital optical signal into common 
| { 20 optical fiber 840 and routes a forward digital optical signal for other services from common optical 
*Lj fiber 840 to receiver 842 (see figure 3) which converts the forward optical signal to a forward digital 

electronic signal for other services. Combiner 843 combines into the coaxial cable network, the 
w forward digital signal for other services along with a forward digital television broadcast signal and a 
forward analog television broadcast signal discussed below. The digital and analog forward 
25 broadcast optical signals are transmitted to HFCN 832 through respective optical fibers 844 and 846; 
converted from optical signals to respective electronic signals by respective receivers 848 and 849; 
and routed through splitters 850 and 851 and each to multiple NUs 835-836. 

Forward and return digital optical signals for additional services are routed through optical 
fibers 840-843 between the HFCNs and similar respective hub conversion units (HCUs) 855-856 of 
30 DWDM fiber-hub 83 1 . The HCUs may be identical and only the details of HCU 855 will be 
described. For HFCN 832, forward and return signals for additional services are routed through 
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respective optical fibers 840-841 between NUs 835-836 and similar respective hub conversion 
modules (HCMs) 857-858 of HCU 855. Again, the HCMs may be identical and only details of HCM 
857 will be described. 

In HCM 857, optical splitter 860 routes the forward optical signal in fiber 840 to receiver 861 
5 (see figure 3) which converts the forward optical signal into a input electronic signal. Frequency 
converter 862 converts the input electronic signal with carrier frequencies in a band of 5-50 MHz to 
an output electronic signal with carrier frequencies in a higher frequency band (e.g. 400-450 MHz) 
as described above for frequency converter 304 in figure 4. A forward optical signal for additional 
services in optical path 863 is also routed by splitter 860 to fiber 840 for transmission to NU 835 of 
10 HFCN 832 as described above. 

In HCU 855, the output return electronic signals from HCMs 857-858 are routed by 
combiner 864 to transmitter 865 which converts the combined return electronic signals into an 
optical return signal. The optical return signal for HCU 855 is routed through optical splitter 866 and 
n further routed through DWDM 867 to common optical fiber 868. Forward optical signals for 
% i 5 additional services are routed from common fiber 868 through DWDM 867 to the HCMs in HCUs 
Si 855-856. In HCU 855, the forward optical signal for additional services is routed through splitter 
866 to optical path 863. The forward optical signals for additional services for the other HCMs of 
HCU 855 are routed directly to the respective HCM (no splitter is required). 
3 In DWDM fiber-hub 83 1, the forward digital broadcast optical signal is routed from fiber 

[JO 868 through DWDM 867 and through splitter 870 to optical fibers 844-845. The forward analog 
W broadcast optical signal from optical fiber 871 is routed through splitter 872 to optical fibers 846 and 
3 847 - Controller 880 is connected to receive the output (and possibly also the input) return electronic 
^ signal from each HCM and to control the apparatus of each HCM. For HCM 855, controller 880 is 
connected to receiver 861 as described for figure 2, is connected to frequency controller 862 to 
25 control the frequency conversion of each carrier signal, and is connected to transmitter 865 as 
described for figure 3. 

The invention has been disclosed with reference to specific preferred embodiments, to enable 
those skilled in the art to make and use the invention, and to describe the best mode contemplated for 
carrying out the invention. Those skilled in the art may modify or add to these embodiments or 
30 provide other embodiments without departing from the spirit of the invention. The scope of the 

invention is not limited to the embodiments, but lies in each and every novel feature or combination 
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of features described above and in every novel combination of these features. Thus, the scope of the 
invention is only limited by the following claims: 
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